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Abstract: The human uterus is unique in that it exhibits a tremendous regenerative capacity
that enables cyclical regeneration and remodeling throughout a woman’s reproductive life.
This plasticity of the reproductive system has recently been highlighted. Regeneration and
remodeling in the female reproductive tract alludes to the existence of endometrial and myo-
metrial stem cell systems, which has been supported by increasing experimental evidence.
Characterization of these stem cells, along with the study of the mechanisms controlling their
regeneration, will improve the understanding of the physiology and pathophysiology of the
female reproductive tract.
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Introduction

The derivation of human embryonic stem (hES) cells and induced pluripotent stem
(iPS) cells has heralded a new era in stem cell research (Shamblott et al 1998; Thomson
et al 1998; Takahashi et al 2007). Candidate stem cells have now been identified
throughout the reproductive system and include the germ stem cells in the testis
(Kanatsu-Shinohara et al 2004; Seandel et al 2007), as well as recently identified cell
populations with adult stem cell activity in the human myometrium and endometrium
(Gargett 2007; Ono et al 2007). The discovery of those cells highlights the importance
of the stem cell system in human reproduction. The study of the adult stem cells
derived from the female reproductive tract, in particular, is a new avenue through
which to investigate gynecological diseases including leiomyoma, endometriosis,
and endometrial cancer.

The human uterus is unique in that it possesses the tremendous regenerative
capacity required for cyclical regeneration and remodeling throughout reproductive
life. Not only must the uterus rapidly enlarge to accommodate the developing fetus,
the endometrium must also regenerate with each menstrual cycle. Regeneration and
remodeling in the female reproductive tract allude to the existence of myometrial and
endometrial stem cell systems; however, the characteristics and function of these stem
cells remain poorly understood.

The concept that endometrial regeneration is mediated by endometrial stem/
progenitor cells was proposed many years ago (Prianishnikov 1978; Padykula et al
1989). Since then, indirect evidence has accumulated from proliferation studies,
clinical observations, and the demonstration of gland monoclonality (Gargett 2007).
Shedding of the endometrial functionalis layer at menstruation and its subsequent
regeneration from the endometrial basalis suggests that the proliferation kinetics
differ between the two layers (Brenner et al 2003) and that putative endometrial
stem cells reside in the basalis. Given that endometriotic lesions have a basalis
phenotype (Leyendecker et al 2002), it is likely that adult stem cells present in the
basalis may implant ectopically through retrograde menstruation and may give rise to
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endometriotic lesions (Sasson and Taylor 2008). Since the
endometrium is comprised of glands, surface epithelium and
supportive stroma, it is plausible that there may exist both
epithelial and stromal stem/progenitor cells responsible for
the regenerative capacity of the endometrium (Chan et al
2004; Gargett 2007).

Our recent xenograft study confirms the plasticity of
endometrial cells. We have shown that a small number
of singly dispersed human endometrial cells, transplanted
beneath the kidney capsule of severely immunodeficient
mice, regenerates functional endometrial tissue (Masuda et al
2007). This artificially generated endometrium resembles
the natural endometrium and contains human blood vessels
which invade the mouse kidney parenchyma. Additionally,
it mimics normal hormone dependent changes including
proliferation, differentiation, and tissue breakdown (men-
struation).

We have also recently isolated a candidate population of
adult stem cells from the human myometrium. Selection was
performed using a side population method based on a distinct
Hoechst dye efflux pattern (Ono et al 2007). Characterization
of these myometrial cells, along with the study of the
mechanisms controlling their regeneration, will improve

the understanding of the physiology and pathophysiology of
the female reproductive tract.

Human endometrial stem/

progenitor cells

Stem cells are rare undifferentiated cells present in many adult
tissues. Their rarity and lack of distinguishing morphological
features and specific markers make it difficult to identify their
location in tissues. Rather, adult stem cells are defined by
their functional properties: substantial self-renewal capacity,
and ability to differentiate into at least one type of mature
functional progeny (Figure 1).

Investigators have attempted to identify endometrial stem
cells with conventional methods employing known stem cell
markers, as well as with several functional studies designed
to identify populations of cells with stem cell activity. The
latter approach has proved more fruitful.

The first published evidence for the existence of
endometrial stem/progenitor cells comes from a recent
study that identified clonogenic human endometrial epi-
thelial and stromal cells (Chan et al 2004). Clonogenicity,
the ability of a single cell to initiate a colony of cells when
cultured at extremely low seeding densities, is a classic
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Figure | The relationship of putative endometrial and myometrial stem/progenitor cells to the hierarchical model of stem cell differentiation.
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in-vitro stem/progenitor cell property. Clonogenicity has
been demonstrated for many adult stem cell types (van Os
et al 2004; Gargett 2007). Human endometrial stromal
cells are significantly more clonogenic than endometrial
epithelial cells, although both cell types form large and
small colonies (Chan et al 2004). Substantial variability
in clonogenicity is observed between samples for both
epithelial and stromal cells (Chan et al 2004; Schwab et al
2005). This may be a reflection of cellular changes related
to menstrual cycle stages. Endometrial stromal cells dem-
onstrate a trend for higher clonogenicity in the proliferative
stage, whereas for epithelial cells, this occurs in the secretory
stage (Schwab et al 2005). Self-renewal or the ability to
produce identical daughter stem cells is required to maintain
the stem cell pool in tissues. Asymmetric cell division is
one mechanism for producing an identical daughter cell
and more differentiated daughter. However, stem cells also
undergo symmetric divisions, either producing daughter
stem cells or transit amplifying progenitors. In summary,
these studies identifying clonogenic epithelial and stromal
cells suggest that two types of stem/progenitor cell exist
in the human endometrium. They are present in different
proportions, have differing growth factor requirements,
and are likely to have specific niches in the endometrium
(Chan et al 2004; Schwab et al 2005; Gargett 2006, 2007)
Current studies examining stem cell attributes of the rare
epithelial and stromal cells have demonstrated their high
proliferative potential as they undergo 30-32 population dou-
blings before senescence or transformation (Gargett 2007).
Human endometrial clonogenic cells exhibit multilineage
differentiation and similar to bone marrow and adipose tissue
MSC differentiating into mesenchy, al lineages; adipocytes,
smooth muscle cells, chondrocytes and osteoblasts, in vitro.
This suggests that the rare endometrial clonogenic cells
have characteristic properties of endometrial stem cells
which are probably responsible for the remarkable, cyclical
and regenerative capacity of human endometrium (Gargett
2006) Additionally, cells derived from myometrium have
differentiation capacity not only into myocytes but also into
adipocytes and osteocytes (Ono et al 2007).

Side population (SP) cells have recently been identified
in short-term cultures of cell fractions, filtered from human
endometrial cell suspensions (Kato et al 2007). SP cells
are a small fraction of cells within tissues with the unique
ability to efflux the DNA-binding dye Hoechst 33342 via
the ATP-binding cassette transporter G2 (ABCG2) (Goodell
et al 1996; Challen and Little 2006). They are detected as
poorly stained cells by dual wavelength flow cytometric

analysis after incubation with Hoechst 33342. SP cells have
been isolated from various adult tissues, demonstrating that
this phenotype may represent a common feature of adult
stem cells. (Montanaro et al 2003; Matsuzaki et al 2004;
Redvers et al 2006; Schienda et al 2006) The percentage of
side population cells is highly variable between samples,
although it is significantly greater during menstruation than
in the proliferative and secretory stages (Kato et al 2007).
This is perhaps due to loss of the functionalis. Though the
percentages of side population cells and clonogenic cells are
similar, it is not known whether the SP fraction is clonogenic
(Chan et al 2004; Schwab et al 2005; Kato et al 2007).

Three studies have examined the expression of stem cell
markers in the human endometrium (Cho et al 2004; Matthai
et al 2006; Kato et al 2007). These studies, while valuable,
require further analyses to validate whether cells expressing
these markers function as endometrial stem/progenitor cells.
Oct-4, a transcription factor and marker of human embryonic
stem cells, and more recently of adult stem cells, is expressed
in almost half of tested endometrial samples (Cho et al 2004;
Tai et al 2005). More Oct-4+ cells are observed during the
proliferative stage; however, the identity and location of the
Oct-4+ cells have not been reported (Matthai et al 2006).
Several general adult stem cell markers including bcl-2, c-kit
(CD117) and CD34, have also been identified in endometrial
tissues (Cho et al 2004). The importance of these markers,
however, cannot be determined since they are expressed in
many more endometrial cells than the numbers of clono-
genic or side population cells identified in functional studies
(Chan et al 2004; Kato et al 2007). Thus the identification
of markers specific to the endometrial stem/progenitor cell
population is an area for future investigation.

Xenografts of human endometrial tissue fragments into
immunocompromised mice have been used as a model to
investigate the pathophysiology of endometriosis (Grummer
2006). More recently, two studies have demonstrated growth
of human endometrial tissue from dissociated endometrial
cells transplanted into immunocompromised mice (Kurita
et al 2005; Masuda et al 2007). Endometrial tissue may be
reconstructed from tissue recombinants of mouse neonatal
mesenchyme or human endometrial stromal cells and human
gland micro-organoids transplanted into nude mice lacking
T lymphocyte activity (Kurita et al 2005). Mixed populations
of human endometrial epithelial and stromal fractions,
transplanted beneath the kidney capsule, a richly vascular-
ized tissue, demonstrate the importance of epithelial-stromal
interactions in generating endometrial glandular tissues.
Fully dissociated human epithelial and stromal cells injected
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directly under the kidney capsule of NOD/SCID/yc null
(NOG) immunodeficient mice, lacking T, B, and natural killer
cell activity, produce well organized tissue recapitulating
endometrial and myometrial layers (Masuda et al 2007). The
glandular epithelial structures express progesterone receptors
and proliferate in response to estrogen, while stromal cells
differentiate into prolactin-producing decidual cells on further
administration of progesterone (Masuda et al 2007). These
models, particularly the NOG mice, are an excellent in-vivo
assay system to test whether candidate human or mouse
endometrial stem/progenitor cell populations reconstitute
endometrial tissue.

Another retrospective approach to studying adult stem/
progenitor cell activity in the endometrium involves the
analysis of methylation patterns in endometrial glands
(Kim et al 2005). Epigenetic changes to DNA sequences, aris-
ing during cell division, encode a cellular history in individual
glands. This history reflects the methylation patterns arising
in resident stem/progenitor cells, since the changes are inher-
ited in subsequent cell divisions and retained. In contrast,
changes arising in more mature progeny are lost when these
cells are shed. Mathematical models describing the methyla-
tion patterns observed in individual glands from cycling and
atrophic human endometrium support the concept that an
individual gland contains a stem cell niche. Within each niche
is an unknown number of long-lived stem cells rather than a
single stem cell (Kim et al 2005). Finally, gland diversity is
maintained in the aging endometrium, which indicates that a
reservoir of stem cells remains even when the endometrium
is atrophic. This observation supports the data from the clo-
nogenicity studies (Schwab et al 2005).

While it is possible that human endometrial epithelial
and stromal stem/progenitor cells may be derived from
residual fetal stem cells (Gargett 2007), one study suggests
that the bone marrow is a potential source (Taylor 2004).
Significant chimerism, ranging from 0.2% to 52%, is
detectable in the endometrial glands and stroma of women
who have received single-antigen, HLA-mismatched, bone
marrow transplants. This suggests that bone marrow stem
cells contribute to endometrial regeneration in the setting of
cellular turnover and inflammatory stimuli (Taylor 2004).
Most gland profiles are exclusively of the donor or host
type, although there is some chimerism within individual
glands. This suggests that not all are monoclonal, consis-
tent with the methylation pattern data of individual glands
(Kim et al 2005). In contrast, the endometrial glands found
in nontransplanted women are all monoclonal (Tanaka et al
2003). These studies do not include information on the type

of bone marrow transplant or the reproductive history; thus
it is not possible to determine the source of the chimeric
endometrial cells. In the case of women who received trans-
plants as children, stem cells from their mothers may persist,
as bidirectional cell trafficking occurs during pregnancy.
Thus the ultimate source of endometrial stem/progenitor
cells is currently uncertain. Neither is it known whether
bone marrow-derived or fetal-derived cells regularly engraft
the endometrium under normal physiological conditions or
if they incorporate into endometrial tissue in the basalis,
functionalis, or both regions.

Mouse endometrial stem cells

Although specific markers of mouse endometrial epithelial
and stromal/mesenchymal stem cells have not yet been
identified, three recent studies have utilized the label-retaining
cell (LRC) technique as a functional approach for identifying
candidate adult stem cells in vivo (Chan and Gargett 2000;
Cervello et al 2007; Szotek et al 2007). This technique
identifies stem cells by their quiescent, slowly cycling nature.
In the three LRC studies, mouse uteri were pulse-labeled with
bromodeoxyuridine (BrdU), a DNA synthesis label, during a
time in which all cells, including stem cells, were dividing.
This ensured that the majority of cells were labeled. Labeling
was followed by a chase period in which the label was diluted
out through numerous cell divisions in the proliferating cells,
but was retained in a small population of infrequently cycling
stem/progenitor cells, or label retaining cells (Braun and Watt
2004). Immunohistochemistry was used to localize BrdU+
epithelial, stromal, and myometrial LRC, revealing their loca-
tions and proportions in the stem cell niche. All three studies
identified a stromal LRC population (Chan and Gargett 2006;
Cervello et al 2007; Szotek et al 2007).

The LRCs have been further characterized based on the
expression of various markers. Both epithelial and stromal
LRCs are CD45- (Chan and Gargett 2006; Szotek et al 2007).
This indicates they are not leukocytes and suggests that
under normal physiological conditions, the source of mouse
endometrial stromal stem/progenitor cells is not the bone
marrow. A small population of stromal LRCs expresses the
key stem cell markers, c-kit and Oct-4 (Cervello et al 2007).
These cells are predominantly located near the endometrial
myometrial interface, suggesting that this subpopulation may
contain stromal stem/progenitor cells.

Human myometrial stem cells
Over the course of pregnancy, the human uterus undergoes a
500- to 1,000-fold increase in volume and a 24-fold increase
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in weight. The uterine smooth muscle layer, or myometrium,
is remodeled through a combination of cell hypertrophy and
hyperplasia. The origin of the new smooth muscle cells,
however, is unclear. They may arise from existing smooth
muscle cells, or they may be the product of stem cell dif-
ferentiation. The human uterus, which is composed mainly
of myometrial cells, exhibits an expansion in size over the
course of pregnancy. Both myometrial hyperplasia (an
increase in cell number) and hypertrophy (an increase in
cell size) contribute to the dramatic growth of the pregnant
uterus (Ramsey 1994; Shynlova et al 2006). In humans, most
growth results from stretch-induced myometrial hypertrophy.
Uterine growth during the first weeks of pregnancy, however,
is accomplished by myometrial hyperplasia with a smaller
contribution from hypertrophy (Ramsey 1994). Similarly in
rats, myometrial hyperplasia is high during early gestation
and decreases dramatically later; and myometrial hypertro-
phy is low at the beginning of pregnancy but increases as
gestation progresses (Shynlova et al 2006). These changes
repeat with each successive pregnancy. The presence of stem
cells in other areas of the body that undergo continual renewal
such as the bone marrow, gut, and skeletal muscle suggests
that the changes in the uterus may not be attributable to the
hypertrophy and hyperplasia of existing myometrial cells
alone (Korbling and Estrov 2003).

The human subendometrial myometrium originates
from the Miillerian duct, whereas the outer myometrium
has a non-Miillerian origin (Gargett 2007); however, both
are derived from the mesenchyme (Konishi et al 1984).
Mesenchymal stem cells (MSCs) are defined as self-
renewable, multipotent progenitor cells with the capacity
to differentiate into several distinct mesenchymal lineages
(He et al 2007). Recently, a SP population of cells has also
been identified in the myometrium. However, there exist
some phenotypic and functional differences between the
myometrial SP (myoSP) and MSCs. First, although myoSP
express several MSC markers including CD90, CD73, CD105,
and STRO-1, the majority of myoSP are CD34-positive and
CD44-negative, whereas MSCs are negative for CD34 and
positive for CD44 (Deans and Moseley 2000). Second, unlike
bone marrow- or peripheral blood-derived MSCs (Wakitani
et al 1995; Gang et al 2004), myoSP do not generate skeletal
muscle cells when transplanted into intact or chemically
injured skeletal muscles of NOG mice (Ono et al 2007).
Further studies are required to elucidate why myoSP behaves
differently from MSCs in response to the microenvironment
and/or its niche in various tissues and organs. Interestingly,
although myoSP never proliferates efficiently in vitro in a

normoxic (20% O, ) environment, it proliferates efficiently
in vitro under 2% oxygen tension.

Leiomyomas are the most common gynecological tumors
in women of reproductive age, and are associated with a vari-
ety of symptoms including abnormal uterine bleeding, pelvic
pain, urinary frequency, impaired fertility, and spontaneous
abortion. They are clonal in origin (Walker and Stewart 2005)
and their development is thought to be induced and promoted
by hypoxia (Fukuhara et al 2002; Pavlovich and Schmidt
2004). Low oxygen tension (1%-5% O,) dramatically
upregulates secreted frizzled-related protein 1, a modulator
of Wnt signaling. Secreted frizzled-related protein 1 exerts
antiapoptotic effects in leiomyoma cells but not myometrial
cells (Fukuhara et al 2002). Myometrial contraction and
vasoconstriction that occur during menstruation render
the myometrium hypoxic. It is possible that repeated
menstruation-induced hypoxia may select a single cell
such as a myoSP to proliferate and acquire cytogenetic
abnormalities that would ultimately result in the development
of a leiomyoma. Leiomyomas occasionally contain adipo-
genic components and are referred to as lipoleiomyomas
(Wang et al 20006). Very rarely, they also become ossified,
which is consistent with the potential of myoSP to differ-
entiate not only into myocytes but also into adipocytes and
osteocytes.

Mouse myometrial stem cells

Arango and colleagues (2005) reported that Miillerian
duct mesenchyme-specific disruption of B-catenin resulted
in a progressive turnover of the uterine myometrium to
adipose tissue. This supports the possibility that putative
myometrial stem cells, with the potential for differentiation
into adipocytes in the absence of B-catenin, may exist in the
myometrium. These cells may give rise to lipoleiomyomas.
Indeed, the same group has recently isolated a myometrial
SP from the mouse uterus and provided evidence that this SP
contains putative myometrial stem/progenitor cells derived
from the Miillerian duct mesenchyme (Szotek et al 2007).
This finding supports our results on the enrichment of stem
cells in myoSP in humans (Ono et al 2007). The embryonic
Miillerian ducts, or paramesonephric ducts, are derived from
the coelomic epithelium in the bilateral urogenital ridges,
during differentiation of the bipotential gonad (Teixeira et al
2001). In female embryos, the absence of Miillerian inhibiting
substance (MIS) allows the Miillerian ducts to persist and
to differentiate into the internal female reproductive tract
structures (Teixeira et al 2001). After birth, the mesenchyme
of the primitive uterine tube differentiates into two layers of
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the adult uterus: the endometrial stroma and the myometrial
muscle layers (Kurita et al 2001). By postnatal day 15, the
myometrium is well developed and the endometrial glands
are visibly coiled, comparable to those observed in the adult
uterus.

The adult uterus undergoes repeated cycles of cellular
proliferation and degeneration in response to hormonal
signals during a normal mammalian reproductive life span.
These changes involve signaling through -catenin. B-catenin
has two roles: as an intracellular transcriptional cofactor
of the canonical Wnt signaling cascade and as a structural
adaptor protein linking cadherins to the actin cytoskeleton in
cell-cell adhesion (Nelson and Nusse 2004). The progressive
smooth muscle atrophy and resultant adipogenesis in the
conditional B-catenin-deleted myometrium suggests that this
cell fate switch is likely due to the dysregulation of a previ-
ously uncharacterized, intrinsic, myometrial maintenance
and repair mechanism. This mechanism presumably involves
perturbed stem or progenitor cell activity.

Cell lineage and early differentiation markers in the
mouse myometrium are largely uncharacterized. Although
much effort has focused on the events surrounding the
endometrium during the estrous cycle and at pregnancy,
little is known about the normal mechanisms of repair and
remodeling in the myometrium. Stromal LRCs are present
near the endometrial epithelium, in proximity to the myo-
metrial-stromal junction, and in a perivascular distribution
(Chan and Gargett 2006). Myometrial LRCs are present at
the periphery of the longitudinal muscle bundles, a location
similar to where Pax7-expressing satellite or stem cells in
skeletal muscle are found. /n vitro and in vivo evidence
suggests that either of the two known biological functions
of B-catenin, Wnt signaling and cell-cell junctions, may be
involved in the muscle-to-fat cell fate switch (Ross et al
2000; Kennell and MacDougald 2005) Disruption of the
Wnt canonical signaling pathway induces adipogenesis and
causes the transdifferentiation of myoblasts into adipocytes.
The mechanism of this likely involves the disruption of
[B-catenin-mediated inhibition of adipogenic transcription
factors (Ross et al 2000). Another possibility is that B-catenin
cell-cell junctions play a role in the maintenance of the myo-
metrial stem cell niche (Szotek et al 2007). Disruption of this
niche may result in a cell fate switch from smooth muscle
myogenesis to adipogenesis.

Perspective
There is now sufficient published evidence to conclude
that rare populations of adult stem cells exist in the human

myometrium and endometrium. The study of stem cells in
the female reproductive tract, however, is still in its infancy.
There is a pressing need to identify definitive markers for
both myometrial and endometrial stem cells. A thorough
characterization of uterine stem cells is a prerequisite for
understanding the complex mechanisms underlying the
morphogenesis and physiological regeneration of the female
reproductive tract. Additionally, the techniques developed
by our laboratory for culturing and differentiating uterine
stem cells could be a starting point for using these cells for
the regeneration of the uterus or other organs. Studying the
underlying mechanisms involved in the uterine stem cell
niche will improve the understanding of the pathophysiology
of uterine cancer, hyperplasia, endometriosis, leiomyomas,
and adenomyosis, and may change how these diseases are
treated in the future.
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